ABSTRACT Pro-infl ammatory cytokine and brain-derived neurotrophic factor (BDNF) are modulated in post-traumatic stress disorder (PTSD). This study investigated the effects of ibuprofen (IBU) on enhanced anxiety in a rat model of PTSD induced by a single prolonged stress (SPS) procedure. The effects of IBU on inflammation and BDNF modulation in the hippocampus and the mechanisms underlying for anxiolytic action of IBU were also investigated. Male Sprague-Dawley rats were given IBU (20 or 40 mg/kg, i.p., once daily) for 14 days. Daily IBU (40 mg/kg) administration signifi cantly increased the number and duration of open arm visits in the elevated plus maze (EPM) test, reduced the anxiety index in the EPM test, and increased the time spent in the center of an open fi eld after SPS. IBU administration signifi cantly decreased the expression of pro-inflammatory mediators, such as tumor necrosis factor-, interleukin-1, and BDNF, in the hippocampus, as assessed by reverse transcription-polymerase chain reaction analysis and immunohistochemistry. These fi ndings suggest that IBU exerts a therapeutic eff ect on PTSD that might be at least partially mediated by alleviation of anxiety symptoms due to its anti-infl ammatory activity and BDNF expression in the rat brain.
INTRODUCTION
Post-traumatic stress disorder (PTSD), an anxiety disorder recently reclassified as a trauma-and stressor-related disorder, can develop in response to real or perceived life-threatening situations [1] . This psychopathological response to traumatic stressors is characterized by intense memories in which patients re-experience the original traumatic experience, the avoidance of trauma-related stimuli, intrusive recollections, the avoidance of associated stimuli, negative cognitions/mood, hyper-arousal, and marked social impairment [2, 3] . PTSD is often co-morbid with anxiety and major depression, as well as with substance abuse, sleep disturbances, and marked psychosocial and occupational impairment [4, 5] .
Although selective serotonin reuptake inhibitors (SSRIs) have proven to be very efficacious in many sufferers, they have adverse effects that limit their utility, including cognitive dysfunction, weight gain, sexual dysfunction, sedation, dependence, and withdrawal. There is a major unmet medical need to find more promising treatments for PTSD [6] . Consequently, much attention has been devoted to the use of new non-steroidal antiinflammatory drugs (NSAIDs) that are safer for long-term treatment [7] . Ibuprofen (IBU) is an NSAIDs that is used widely to reduce pain, fever, and inflammation. In animal models of stroke, IBU reduces neuronal injury and improves cerebral blood flow and neurological outcome in global ischemia [8] , and decreases infarct size in focal ischemia [9] . IBU also suppresses cerebral plaque formation and inflammation in a mouse model of Alzheimer's disease [10] . These observations have led to the hypothesis
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While endocrine changes associated with PTSD have been researched extensively, findings during the last decade also suggest that alternations in the immune system are strongly linked with PTSD [11] . Cytokines, most notably interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor- (TNF-), are thought to mediate the inflammatory dysregulation observed in PTSD [12, 13] . Recently, circulating IL-1 and TNF- levels were reported to be chronically elevated in PTSD patients [14] .
Brain-derived neurotrophic factor (BDNF) is one of several endogenous proteins that play critical roles in the survival, maintenance, and growth of the brain and peripheral neurons [15] . Evidence suggests that BDNF mediates the pathophysiology of mood disorders, including PTSD [16] . A recent study reported significantly lower plasma BDNF levels in PTSD patients compared with healthy controls [17] . These findings support the idea that novel pharmacological tools targeting inflammatory mediators and BDNF expression might be promising new anti-PTSD drugs.
To evaluate the effects of IBU on inflammation and BDNF modulation, we used a single prolonged stress (SPS) animal model of PTSD that demonstrates three hallmark features of the disorder: hormonal abnormalities, long-lasting traumatic memories, and persistent anxiety [18] . This model also possesses both predictive and construct validity, making it sensitive to effective pharmacologic agents while displaying similarities to human PTSD [19] .
This study investigated whether IBU affects SPS-induced anxiety-like behavior, representing the core symptom of PTSDrelated abnormalities. Anxiety-like behaviors were assessed using the elevated plus maze (EPM) test and open field test (OFT). The neurobiological mechanism underlying these behaviors was also investigated by evaluating inflammatory activity and BDNF expression in the hippocampus of rats following SPS.
METHODS

Animals and IBU administration
The present study utilized adult male Sprague-Dawley (SD) rats weighing 200~220 g (6 weeks-old, Samtako Animal Company; Seoul, Korea). All rats were housed in a limited access rodent facility with five rats per polycarbonate cage. The room controls were set to maintain the temperature at 22±2 o C and the relative humidity at 55±15%, the cages were lit by artificial light for 12 h each day, and sterilized drinking water and a standard chow diet were supplied ad libitum throughout the experiments. All animal experiments began a minimum of 7 days after the animals arrived, were conducted in accordance with the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health (NIH Publications No. 80-23; revised in 1996), and were approved by the Kyung Hee University Institutional Animal Care and Use Committee. All efforts were made to minimize the number and suffering of animals.
Different groups of rats, 6~7 animals per group, were used for drugs treatment and tests. All the experimental animals including control and drug-treatment groups were administration. The standard doses of IBU in the rat and considering the long-term treatment used in the present study was based on previous study [20] . Ibuprofen (20 and 40 mg/kg, body weight; SigmaAldrich Chemical Co. St. Louise, MO, USA) and the positive drug fluoxetine (10 mg/kg, FLX, Fluoxetine hydrochloride; Eli Lilly and Company, Basingstoke, Hampshire) were administered by intraperitoneally (i.p.) in a volume of 1 ml/kg for 14 days. All drugs were freshly prepared right before every experiment.
Single prolonged stress SPS model of PTSD was performed as previously described [21] . Briefly, rats were first immobilized for 2 h on restraint tubes (20 cm height, 7 cm diameter). Following immobilization, rats were immediately subjected to forced swim for 20 min in a plexiglass cylinder (50 cm height, 20 cm diameter) filled to two-thirds with 24 o C fresh water. The animals were dried and allowed to recuperate for 15 min and then exposed to ether vapor until loss of consciousness. The SPS procedure was performed between 10 AM and 4 PM. Following SPS stressors, animals were housed one per cage and left undisturbed for 14 days to allow PTSD-like symptoms to manifest [21] . The following parameters were measured to monitor the effects of the development of psychiatric disorders by SPS model of PTSD: changes of body weight gains and serum corticosterone (CORT) levels. Behavioral testing for anxiety-like behaviors was done 24 h after the end of the undisturbed condition. The entire experimental schedules of SPS and behavioral examinations are shown in Fig. 1 . To avoid carryover from one test to another, each behavioral test was performed on separate or interval between each behavioral test. Following behavioral testing and the measurement of body weight, all rats were sacrificed and their brain tissues were collected immediately for use in the study or stored at -70°C for later use. Anxiety index values range from 0 to 1 where an increase in the index expresses increased anxiety-like behavior [21] .
Elevated plus maze test
Open field test
Before the completion of EPM test, the animals were subjected to the open field test, normally used to assess emotionality, based on the same conflict situation as in the EMP. The open filed area consisted of an enclosed square arena made of dark opaque Plexiglas (60×60 cm) surrounded by walls (30 cm high). The arena was divided by transverse lines into 20×20 equal squares (total 9 squares). A central light source (60 W) on the ceiling gave invariant illumination in an otherwise dark room. All locomotor activities (animal's movements) was measured by a video camera mounted above the center of the maze. The speed and distance of the movements of the rats were monitored by a computerized video-tracking system using the S-MART program (PanLab Co., Barcelona, Spain). The rat to be tested was transported from the home cage to the recording room in a black box. Each rat was gently placed into the same corner of the arena facing the same direction and allowed to feely explore the arena for 5 min. Every time both hind limbs entered a square, a crossing was recorded. The locomotor activity was evaluated total distance traveled in the container, and exploratory activity was evaluated from measurements of total number of line crossings [22] . The floor surface of each chamber was cleaned thoroughly with 70% ethanol between tests for different subjects.
Corticosterone measurement
For this, the unanesthetized rats were rapidly decapitated, and blood was quickly collected via the abdominal aorta. Rats were randomly divided into five groups consisting of four individuals each, the same as above. The blood samples were centrifuged at 4000 g for 10 min, and serum was collected. The CORT concentration was measured by a competitive enzymelinked immunosorbent assay (ELISA) using a rabbit polyclonal CORT antibody (Abcam Corticosterone ELISA kit; Cambridge, MA, USA) according to the manufacturer's protocol. Samples (or standard) and conjugate were added to each well, and the plate was incubated for 1 h at room temperature without blocking. After the wells were washed several times with buffers and proper color developed, the optical density was measured at 450 nm using an ELISA reader (MultiRead 400; Authos Co., Vienna, Austria).
Immunohistochemistry for proinflammatory markers
For immunohistochemical studies, three rats in each group were deeply anesthetized with sodium pentobarbital (80 mg/kg, by intraperitoneal injection) and perfused through the ascending aorta with normal saline (0.9%), followed by 300 ml (per rat) of 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS). The brains were removed in a randomized order, post-fixed overnight, and cryoprotected with 20% sucrose in 0.1 M PBS at 4 o C. Coronal sections 30 m thick were serially cut through the hippocampus using a cryostat (Leica CM1850; Leica Microsystems Ltd., Nussloch, Germany). The sections were obtained according to the rat atlas of Paxinos and Watson (hippocampus; between bregma Lee B et al -2.6 and -3.6) [23] . The sections were immunostained for TNF- and IL-1 expression using the avidin-biotin-peroxidase complex (ABC) method. The sections were incubated with primary rabbit anti-TNF- antibody (1:200 dilution; Novus Biochemicals LLC., Littleton, CO, USA) and rabbit anti-IL-1 antibody (1:200 dilution; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) in PBST (PBS plus 0.3% Triton X-100) for 48 h at 4 o C, respectively. The sections were incubated for 120 min at room temperature with secondary antibody. The secondary antibodies were obtained from Vector Laboratories Co. (Burlingame, CA, USA) and diluted 1:200 in PBST containing 2% normal serum. To visualize immunoreactivity, the sections were incubated for 90 min in ABC reagent (Vectastain Elite ABC kit; Vector Labs. Co., Burlingame, CA, USA), and incubated in a solution containing 3,3'-diaminobenzidine (DAB; Sigma) and 0.01% H 2 O 2 for 1 min. Images were captured using an AxioVision 3.0 imaging system (Carl Zeiss, Inc., Oberkochen, Germany) and processed using Adobe Photoshop (Adobe Systems, Inc., San Jose, CA, USA). The sections were viewed at 200× magnification, and the numbers of cells within 100×100-m 2 grids were counted by observers blinded to the experimental groups. Counting immunopositive cells was performed in at least three different hippocampal sections per rat brain. Stained sections were randomly chosen from equal levels of serial sections along the rostral-caudal axis. The TNF--and IL-1-immunopositive cells were only counted when their densities reached a defined darkness above the background level. Distinct brown spots for TNF- and IL-1 were observed in the cytoplasms and in the membranes of the coneshaped cells of the hippocampus. The cells were anatomically localized according to the stereotactic rat brain atlas of Paxinos and Watson [23] . The brightness and contrast between images were not adjusted to exclude any possibility of subjective selection of immunoreactive cells.
Total RNA preparation and reverse transcriptionpolymerase chain reaction
The expression levels of TNF-, IL-1, and BDNF mRNAs were determined by the reverse transcription-polymerase chain reaction (RT-PCR). The brain hippocampus was isolated from three rats per group. The total RNAs were prepared from the brain tissues using a TRIzol reagent (Invitrogen Co., Carlsbad, CA, USA) according to the supplier's instructions. Complementary DNA was first synthesized from total RNA using a reverse transcriptase (Takara Co., Shiga, Japan). PCR was performed using a PTC-100 programmable thermal controller (MJ Research, Inc., Watertown, MA, USA). All primers were designed using published mRNA sequences of those cytokines and a primer designing software, Primer 3, offered by the Whitehead Institute for Biomedical Research (Cambridge, MA, USA; http://primer3.wi.mit.edu) on the website. The PCR products were separated on 1.2% agarose gels and stained with ethidium bromide. The density of each band was quantified using an image-analyzing system (i-Max TM , CoreBio System Co., Seoul, Korea). The expression levels were compared each other by calculating the relative density of target band, such as TNF-, IL-1, and BDNF, to that of glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Statistical analysis
All measurements were performed by an independent investigator blinded to the experimental conditions, and the results are expressed as means±standard error of the mean (SE). Differences within or between normally distributed data were analyzed using an analysis of variance (ANOVA) using SPSS (Version 13.0, SPSS, Inc.; Chicago, IL, USA) followed by Tukey's post hoc test. Statistical significance was set at p<0.05.
RESULTS
Effects of IBU on changes in body weight and serum CORT levels following single prolonged stress
We measured the body weight of each rat in each group for 14 days. In the present study, rats exposed to single prolonged stress began to lose body weight on the first day of the SPS procedure (difference between daily weights and starting weight of the SPS procedure; Fig. 2A) . Compared with the control rats (SAL group), subjects in the SPS group showed a significant gradual reduction in body weight gain over 7 days. However, subjects treated with 20 or 40 mg/kg IBU exhibited no significant differences of this reduction in body weight gain compared with the SPS group.
Serum CORT levels were also measured in each group following the single prolonged stress for 7 days (Fig. 2B) . A ELISA revealed that single prolonged stress significantly increased serum CORT concentration by 402.24% compared to saline-treated rats (p<0.05). However, the administration of IBU significantly inhibited the single prolonged stress-induced increase in serum CORT levels (p<0.05). Thus, the single prolonged stress procedure induced anxiety-like symptoms in rats, and this was exploited to develop the PTSD. Inhibition of increase in serum CORT levels by IBU also hardly provide the basis for the inference that SPS induces anxiety-like symptoms.
Effects of IBU on anxiety-like behavior following single prolonged stress
The impact of single prolonged stress on different parameters of anxiety-like behaviors is shown in Fig. 3 . Seven days after single prolonged stress were applied rats demonstrated lower exploration behavior and higher anxiety index compared to the SAL group. The effects of IBU administration on anxiety-like behaviors, which were characterized by decreases open arm exploration in the EPM test, were also investigated. Post hoc comparisons revealed a significant decrease in the percentage of time spent in the open arms of the maze by rats exposed to the single prolonged stress for 7 days compared to the saline-treated rats not exposed to stress (p<0.01; Fig. 3A) . However, the rats in the SPS+IBU40 group showed a significant restoration of the percentage of time spent in the open arms of the maze, which had previously decreased following single prolonged stress, compared to the SPS group (p<0.05). Similarly, post hoc comparisons revealed a significant decrease in the number of entries in the open arms of the maze by rats exposed to the single prolonged stress for 7 days compared to the SAL group (p<0.01; Fig. 3B ). Rats in the SPS+IBU40 group showed a slightly greater entries in the open arms of the maze, as compared with those in the SPS group, although these differences did not reach statistical significance Lee B et al (p=0.416). Because there were no significant differences in the number of entries into the closed arms among the groups, the observed anxiety-like behaviors of the rats exposed to single prolonged stress were likely not attributable to differences in their locomotor activities (Fig. 3B) . The administration of IBU prior single prolonged stress did elicit anxiolytic or anxiogenic behavior in the present study. 
Effects of IBU on spontaneous locomotor activity and exploratory behaviors following single prolonged stress
Open-field activity was used to evaluate locomotion and exploratory behavior among the rats exposed to the single prolonged stress for 7 days (Fig. 4) . Rats exposed to the single prolonged stress slightly decreased the time spent in central zone with corresponding increase in the time spent in the peripheral zone compared to the SAL group, although these differences did not reach statistical significance (p=0.348). There was also significant decrease the numbers of crossing in the central zone following single prolonged stress (p<0.05). This finding suggests that SPS-treated rats subsequently produce exploration activities that are closely associated with anxiety-like behaviors in the open-field test. However, IBU-treated rats (40 mg/kg) displayed a significant increase in central zone crossings compared to the SPS group (p<0.05), indicating that anxiety-like behaviors in the SPS+IBU40 group was almost comparable to those of the SPS+FLX group.
Effects of IBU on immunohistochemical changes of inflammatory mediators in the hippocampus following single prolonged stress
Following the behavioral tasks, brain tissue samples from the rats were analyzed using immunohistochemistry to investigate the effect of administering IBU on the expression of the proinflammatory markers activated by SPS-induced inflammation in the rat brains (Fig. 5) . Distinct yellow stains for TNF- and IL-1 were observed in the cytoplasm and membranes of the coneshaped cells of the hippocampus. The immunoreactivity analysis showed the deepest yellow staining in the rat hippocampus. The brain immunohistochemistry of the SPS group showed a significant increase in TNF- expression in the hippocampus of this group compared with that in the hippocampus of the SAL group (p<0.01; Fig. 5B ). TNF- immunoreactive cells decreased significantly in the hippocampal regions in the SPS+IBU40 group as compared with the SPS group (p<0.05). Similarly, brain sections taken from the SPS group showed significantly increased IL-1 expression in the hippocampus compared with those taken from the SAL group (p<0.05). Despite the appearance of IL-1-immunoreactive cells in the hippocampal regions in the SPS+IBU40 group, no significant difference was observed when this group was compared with the SPS group is this regard (p=0.254). Increases in pro-inflammatory mediator such as TNF--immunoreactive cells by SPS-induced inflammation were significantly inhibited by IBU and the restoration was similar to that observed in the SPS+FLX group.
Effects of IBU on TNF- , IL-1  and BDNF mRNAs in the hippocampus following single prolonged stress
The effects of IBU administration on SPS-induced expression of TNF- and IL-1 mRNAs in the rat hippocampus was investigated using RT-PCR analysis (Fig. 6 ). Hippocampal expression of TNF- and IL-1 mRNAs in the SPS group were significantly increased compared with that in the SAL group (p<0.05). The increased TNF- mRNA expression in the SPS group was significantly restored in the SPS+IBU40 group (p<0.05). The restored levels of these inflammatory mediators (e.g., TNF- and IL-1) were similar to those observed in the SPS+FLX group. Also, to investigate the effect of IBU administration on SPSinduced expression of BDNF mRNA, which is molecules crucial for anxiety-like behavior, we conducted RT-PCR analysis following single prolonged stress (Fig. 7) . Hippocampal expression of BDNF mRNA in the SPS group was significantly decreased compared with that in the SAL group (p<0.01). The decreased Lee B et al expression of BDNF mRNA in the SPS group was significantly restored in the SPS+IBU40 group (p<0.05). This also indicated that the expression of BDNF mRNA in the hippocampus in rats receiving 40 mg/kg IBU administration was closely associated with that in rats receiving 10 mg/kg FLX administration.
DISCUSSION
The results of this study revealed that SPS induced PTSD-like symptoms in rats as evidenced by the EPM test and OFT results. The behavioral effects were likely based on the modulation of inflammatory activity and BDNF expression in the hippocampus in the brains of PTSD animals, which is the primary projection area that underlies the development of anxiety. We found that the administration of IBU before inducing SPS significantly increased the number and duration of open-arm visits in the EPM test, reduced the anxiety index, and increased the time spent at the center in the OFT. IBU appears to act as an anxiolytic, which could lead to the development of novel therapeutics for treating psychiatric diseases in humans.
We used SPS as traumatic stress because it is a reliable model of PTSD, characterized by high face validity and core etiological factors of this disease, such as reduced sensorimotor gating of the startle response, anxiety-like behaviors, and enhanced negative feedback of the hypothalamic-pituitary-adrenal (HPA) axis [21] . Our slightly modified model of SPS clearly increased anxietylike behaviors in stressed animals compared with the unstressed controls, and consistent with previous findings [21] , these animals dealt with stressful situations more successfully.
After SPS, we observed a gradual decrease in body weight gain and an increase in serum CORT levels compared with immediately before testing, indicating that SPS was sufficiently stressful [24, 25] . Many studies have shown that, consistent with PTSD models, SPS increases the serum CORT concentrations of rats [24, 25] . This forced maintenance of high CORT levels likely supports anxiety-like symptoms; a similar mechanism may underlie the progression or exacerbation of PTSD in humans [21] . Therefore, IBU had anxiolytic activity, suggesting that this therapy inhibits the HPA axis-associated psychological dysfunction by decreasing serum CORT levels, thereby normalizing behavioral and neurochemical responses.
Our behavioral investigations revealed the anxiolytic-like effects of IBU in an animal model of anxiety. Administration of a higher dose of IBU (40 mg/kg) before SPS significantly reduced anxiety-like behaviors in the EPM test [26] , as indicated by more entries and exploratory behaviors, and less avoidance of the open arms, yielding lower anxiety indices, i.e., in the EPM test, animals spent much more time in the open arms. The administration of IBU after SPS also significantly reduced anxiety-like behaviors, as indicated by an increase in the total number of line crossings in the OFT, reflecting less activation of the central nervous system (CNS) by novelty and fear [27] . These changes in anxietylike behaviors appear to have been specific and not the result of impaired locomotor activity, as the track length in the EPM test and OFT was similar for all groups. Accordingly, the greater total number of line crossing observed in the OFT among IBU-treated rats was similar to the behavioral effects observed in the EPM test, likely due to anxiolytic activity. These results suggest that IBU decreased trauma-induced potentiation of vulnerability to the novel stress of the EPM. Therefore, because behaviors in the EPM test and the OFT are related to the HPA axis, these results suggest that inhibition caused by IBU attenuates HPA activity.
The role of inflammation in pathological conditions such as cardiovascular disease, diabetes mellitus, metabolic syndrome, and neurological disease has been established [28] . Some studies have reported higher levels of IL-1, IL-6, and TNF- in the plasma or elevated levels of IL-6 in the cerebrospinal fluid of PTSD patients compared with controls [29] . Our results demonstrated that SPS-induced neuroinflammation caused significant increases in the pro-inflammatory mediators in the hippocampus and produced anxiety-like behaviors.
BDNF has also been implicated in the etiology of anxiety and the mechanisms underlying anxiolytic treatments [30] . Clinical investigations have demonstrated that stress-related psychiatric disorders, including anxiety, are associated with reductions in brain BDNF levels [26] . For example, stress following chronic social defeat and SPS results in a significant decrease in BDNF expression in the hippocampus [31] . Consistent with these findings, we found that SPS decreases the expression of BDNF mRNA in the rat hippocampus, as well as decreasing anxietylike behaviors. IBU restored hippocampal BDNF mRNA levels, suggesting that modulation of BDNF signaling plays a role in the anxiolytic actions of IBU [30] .
In summary, this study demonstrated that the administration of IBU is associated with anxiolytic-like effects in the EPM test and OFT, possibly via modification of the neuroinflammation caused by BDNF expression in the hippocampus. IBU may be a useful alternative medicine for treating psychiatric diseases, including PTSD.
